Predicting climate change impact on ecosystem structure and services is one of the most important challenges in ecology. Until now, plant species response to climate change has been described at the level of fixed plant functional types, an approach limited by its inflexibility as there is much interspecific functional variation within plant functional types. Considering a plant species as a set of functional traits greatly increases our possibilities for analysis of ecosystem functioning and carbon and nutrient fluxes associated therewith. Moreover, recently assembled large-scale databases hold comprehensive per-species data on plant functional traits, allowing a detailed functional description of many plant communities on Earth. Here, we show that plant functional traits can be used as predictors of vegetation response to climate warming, accounting in our test ecosystem (the species-rich alpine belt of Caucasus mountains, Russia) for 59% of variability in the per-species abundance relation to temperature. In this mountain belt, traits that promote conservative leaf water economy (higher leaf mass per area, thicker leaves) and large investments in belowground reserves to support next year's shoot buds (root carbon content) were the best predictors of the species increase in abundance along with temperature increase. This finding demonstrates that plant functional traits constitute a highly useful concept for forecasting changes in plant communities, and their associated ecosystem services, in response to climate change.
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alpine plant community | root traits | plant traits | seed mass | specific leaf area C limate change is affecting the structure and composition of vegetation worldwide. Increasing temperatures are considered to be a key driver of recent tundra greening (1, 2) and upward migration of vascular plant species in mountains (3) (4) (5) (6) . Predicting climate change impact on ecosystem structure and services is one of the most important challenges in ecology (7) . Previous studies of plant response to warming used concepts of growth form or functional type as predictors of plant response to warming and demonstrated that evergreen and deciduous (dwarf) shrubs and rushes increase their abundance in response to experimental warming in cold biomes (1, 8) . However, the categorization of plants into fixed functional types has been criticized for being imprecise and too coarse for accurate prediction of plant response to climate change (9) .
Considering a plant species as a set of functional traits instead of an entity belonging to a fixed functional type greatly increases our possibilities for analysis of ecosystem functioning (10), enabling generalization of our knowledge on plant functioning at ecosystem, landscape, or regional scale. When linked to directional changes in the abundance of plant species, variation in traits involved in plant effects on biogeochemical cycling can be applied in estimates of changes in ecosystem carbon and nutrient turnover (9) . This provides a powerful tool in environmental assessment and policy development. Moreover, recently assembled large-scale databases, such as TRY (11) hold comprehensive per-species data on plant functional traits. Such data, collected using standardized protocols (12) , accompanied by detailed metadata (11) and accessible for the broad scientific community, allows detailed description of many Earth plant communities in terms of plant functional traits (11) .
Here, we tested whether and which plant functional traits representing key aspects of plant adaptive life strategy (13) (14) (15) (16) could be used as predictors of plant response to climate warming under natural conditions. We hypothesized that traits associated with resource capture efficiency and, thereby, growth rate, would have predictive power of temperature-abundance relationships, because warmer temperature regimes were expected to promote species of faster potential growth rate.
We monitored long-term (23-28 y) annual shoot abundance dynamics of 50 alpine species, growing in four widespread alpine communities of the Northwestern Caucasus, Russia. During this study period, mean annual temperature increased by 0.6°C and mean growing season temperature by 2°C ( Fig. 1 A and B) , whereas precipitation did not show any pattern. In a series of autocorrelation-corrected, scaled regression analyses conducted for each species individually, we assessed for each species the relationship between its annual abundance (number of shoots per square meter) and temperature. This analysis yielded for each species a regression coefficient describing a slope of the abundance vs. temperature regression, hereafter referred to as the abundance-temperature slope. We tested whether the character of the relationship between plant abundance and temperature could be predicted by plant functional traits (10), using weighted regression analyses, with traits as predictors, abundance-temperature slopes as response variables, and the inverse of per-species coefficient of variation (CV) of temperatureabundance slope as data-point weights, the latter allowing the data points for species exhibiting a tighter abundance vs. temperature
Significance
Although the response of the Plant Kingdom to climate change is acknowledged as one of the fundamental feedback mechanisms of environmental changes on the Earth, until now, the response of plant species to in situ climate warming has been described at the level of a few fixed plant functional types (i.e. grasses, forbs, shrubs etc.). This approach is very coarse and inflexible. Here, we show that plant functional traits (i.e., plant features) can be used as predictors of vegetation response to climate warming. This finding enlarges possibilities for forecasting ecosystem responses to climate change. relationship to have larger weight in the analysis. Furthermore, we examined variation in the following traits among species: specific leaf area (SLA) (area/dry mass), area of individual leaf, mass-based leaf, and root nitrogen (N) content and specific root length, together representing a species' resource capture efficiency; leaf thickness, leaf dry matter content, leaf and root carbon (C) content, and C:N ratio, representing its resource protection and conservation strategy; and seed mass, representing reproductive strategy (13) (14) (15) (16) .
Results and Discussion
Two traits were good individual predictors of the relationship between species abundance and temperature: leaf thickness explained 25% of variance in the shoot abundance over temperature coefficient, and SLA explained 13% (Table 1 and Fig.  2 ). The best model based on multiple traits explained 59% of the variance and included leaf thickness, SLA, seed mass, and root carbon content.
Our findings suggest that plant traits may be used as powerful predictors of correlations between plant abundance and climate change. We show that alpine species with high resource input into structural traits, such as thick leaves, low SLA, and, at the same time, high carbon content in roots, increase in abundance at warmer climate by forming more buds or producing seeds of higher quality, which allow them to increase shoot number in the next season.
The two leaf traits included into the best model (SLA, leaf thickness) represent a species' resource (including light) capture efficiency (SLA) and nutrient and water-conservation strategy (15) . Often, these traits have been found to be highly correlated (13, 16) , but in our case, the correlation between these traits was negligible (Pearson correlation coefficient, 0.191; P = 0.18; n = 50). The SLA is a function of leaf thickness and leaf tissue density (17) . Between these two components of SLA, leaf thickness tends to be linked more strongly to variation in light regime, including sun-imposed stress at high light regimes, whereas the leaf tissue-density component of SLA tends to be associated with variation in soil resources (17) . Thus, we propose that in harsh alpine conditions, where competition for light plays a lesser role but sun-imposed stress is important (18) , variation in leaf thickness may be mostly decoupled from variation in leaf density and, therefore, from SLA. Remarkably, addition of seed mass into the best model improved its predictive power, despite the fact that this parameter in itself was not a significant predictor of temperature-abundance slope (Table 1) . Although many alpine vascular plant species feature clonal reproduction (18) , reproduction by seeds remains important in the long-term, enabling long-distance dispersal and genetic flexibility of a population (19, 20) . The importance of seed mass as a predictive trait for the relationship between plant abundance and warming alerts to the potential for these processes to be affected by climate change.
We expected to detect the most pronounced relationships between temperature and plant abundance among dominant species. However, this was not the case: temperature-associated changes in abundances were observed both in dominant and in subordinate plant species (Dataset S1). Also, the opposite was true: some dominant, as well as subordinate, species had very high temperature-slope CV (and, therefore, lower weight in the regression analysis), indicating that the abundance dynamic of these species was not related to temperature regime.
Our method of analysis presumes that plants do not alter their traits in response to climatic changes. Although this is generally not true [i.e., because of plasticity, plants alter their traits in response to environmental changes (21)], we consider that the changes in per-species mean trait values induced by a temperature increase of 0.5-2°C will be insignificant in comparison with the interspecific trait differences [e.g., Aerts et al. (22) have shown, at comparable experimental temperature ranges, that warming has little impact even on relatively responsive traits such as nutrient contents, thus justifying our analysis]. To test whether this is true for the plants examined in this study, we examined whether mean shoot abundance at our experimental site differed between years of high and low vapor pressure deficit (VPD) [calculated using Penman-Monteith equation (23)]. On the one hand, VPD is known to be a very good predictor of annual plant biomass and, on the other hand, to be correlated to plant traits (24, 25) . Decrease in shoot abundance during years of low VPD would provide indirect evidence of high plasticity of the plants examined of this study. However, we found that mean shoot abundance in years of high VPD versus those in years of low VPD did not differ significantly (F 1,6 = 0.829; P = 0.398; results of ANOVA with shoot number as dependent variable and high or low VPD as a predictor), providing additional evidence of insignificant plasticity of traits of alpine plant species, examined in this study, in response to warming by 1-2°C.
We had expected that enhanced mineralization attributable to increased temperature would promote the abundance of nutrient-acquisitive species (26) that typically have large leaves with high SLA (26) . In contrast, we found no links with leaf area and detected a positive association with temperature increase in species with low SLA. Low SLA (sclerophylly) is usually associated with low leaf water content and conservative water economy (27) . In temperate alpine areas, increasing temperatures without concurrent increase in precipitation will put a premium on water conservation and, thus, on low SLA. Because low SLA species tend to have lower litter decomposability (28), slower decomposition, in turn, is expected to slow ecosystem nutrient cycling and to provide a negative feedback to global warming by reducing carbon release from more recalcitrant leaf litter (29) .
We demonstrate that relationships between plant abundance and temperature could be predicted by plant traits. The causality between changes in plant abundance and temperature trends could undoubtedly be established exclusively via experimental manipulations. However, experiments manipulating environmental factors might suffer from short-term artifacts (30) , which might becloud the results. In contrast, our long-term observations in natural conditions, with no environmental factors except temperature being changed, are clear from such artifacts. Indeed, our study site is situated on the territory of the Teberda reserve, which has enjoyed strict protection virtually without human interference for about 70 y and where vegetation and animal dynamics have been monitored scrupulously every year by staff of the reserve and the university researchers. During the study period, no natural disasters, animal outbreaks, or changes in landscape management took place, suggesting that temperature is the only possible factor to explain the long-term trends of abundance change in vascular plants. The path from temperature to plant behavior is unidirectional (at least the scale of this study), although the underlying mechanisms are not necessarily straightforward. For instance, not only direct (physiological) effects of the temperature on plant-shoot dynamics may play a role but also indirect effects of temperature, such as changes in soil nutrient dynamics, competitive relationships within communities (31), or fluctuations in the natural herbivore population abundance (32) . Notwithstanding such uncertainties about the exact mechanisms of the temperature effect, our data demonstrate that plant functional traits bear great promise for predicting relationships between temperature trends and plant abundance and, therefore, create a powerful tool for forecasting changes in vegetation structure attributable to climatic changes.
Material and Methods
Sampling. Plant abundance dynamic. We studied long-term (1981-2009) dynamics of alpine plants on Mt. Malaya Khatipara at 2,750 m above sea level in the Northwestern Caucasus (Russia). Data from the Teberda weather station (Russia, Teberda, Mt. Malaya Khatipara, 43°27′N, 41°44′E, 1.313 m above sea level), closest to our permanent plots, were used to estimate direction of climatic changes during the study period. During this study period, mean annual temperature increased by 0.6°C and mean growing season temperature by 2°C (Fig. 1 A and B) , whereas precipitation did not show any pattern. Although alpine temperature regimes might vary among plant communities because of microtopology (33) , interannual climate dynamics should be highly correlated within the same area. Because alpine habitats and their plant communities are strongly shaped by climatic drivers, particularly temperature (18) , one could expect a considerable response of alpine plants to changing temperature.
Four typical alpine communities were included in the study: alpine lichen heath (ALH), Festuca varia grassland (FVG), Geranium-Hedysarum meadow (GHM), and alpine snowbed (SBC). Detailed descriptions of these plant communities were published earlier (25) a sampling plot (240 shoots per square meter). If a species was found in several plant communities, we used in the analysis the data on dynamics of such species in a community where the species was most abundant. In total annual dynamics of 50 species were assessed. Two Carex species (Carex umbrosa and Carex sempervirens) and two Pedicularis species (Pedicularis comosa and Pedicularis caucasica) were assessed together as Carex spp. and Pedicularis spp, respectively. We opted for this because these species pairs are difficult to distinguish in the field when they do not have reproductive shoots.
Although shoot number might respond to variations in climate differently than biomass of separate shoots if assessed over a short time period (34) , because larger number of shoots per area might lead to smaller-sized shoots in case of a resource tradeoff, generally for herbaceous plant species, shoot numbers per area are well correlated with biomass per area (35) . We verified this for our communities (see SI Text for details). Plant traits measurements. For all studied species, we measured the following functional traits: SLA (square centimeters per gram), leaf area (square centimeters), mass-based leaf and root nitrogen content (percentage of dry weight), specific root length (meters per gram), leaf thickness (millimeters), leaf dry matter content (milligrams per gram), leaf and root carbon content (percentage of dry weight), leaf and root C:N ratio, and seed mass (grams). The trait measurements were conducted following standardized protocols (12) . Morphological traits were assessed in 10 replicates (i.e., individual plants), and chemical traits were assessed in 5 replicates. If a plant species under scrutiny was found in multiple communities, its traits were measured in the community where it was most abundant.
Data Analysis. To test whether plant functional traits can be used to predict the relationship between plant species abundance and temperature, we conducted two-step statistical analysis. First, we assessed per-species annual abundance dynamic in relation to temperature. Subsequently, we tested whether per-species relation between annual abundance and temperature could be predicted by plant functional traits.
Step 1: Assessment of per-species annual abundance dynamic in relation to temperature. For each plant species, we conducted a generalized linear model analysis with mean yearly shoot abundances as response variables, year and temperature as predictors, and autoregressive model of order 1 (AR-1) or autoregressive moving average model (ARMA) autocorrelation correction for sampling interdependency attributable to repeated measures at the same plots. All data were scaled, enabling direct comparison between species differing in abundance. Such analysis described in detail by Zuur et al. (36) allows separation of temperature versus year correlations with the shoot abundance and yields per-species regression coefficients for year and temperature (the latter coefficient hereafter referred to as "abundance-temperature slope"). Because all data were scaled, the abundance-temperature slopes and their CVs are directly comparable among species. Larger slopes reflect stronger relation between species abundance and temperature. Slope CVs characterize the confidence boundaries of the relationship. Larger slope CV reflects lower confidence.
To represent "temperature," we tested mean temperature over four periods: June 1 of the previous year until June 1 of the current year, July 1 of the previous year until July 1 of the current year, June to August of the previous year, and the entire previous year. Abundance of distinct plant species was best predicted by different temperature predictors. However, to conduct interspecific analysis on predictive power of plant traits for relation between plant abundance and temperature, we needed to select a single temperature predictor to be used across all species (allowing, however, individual type of autocorrelation correction for each plant species). Based on Akaike Information Criterion (AIC), for all species, mean temperature from June 1 of the previous year until June 1 of the current year was either the best or very close to the best temperature predictor (ΔAIC < 3 for 66% of the plant species; for the other 34%, 3 < ΔAIC < 11). This period covers the entire growing season of the previous year (with some excess for snowbed communities, where growing season starts only in late July) and early spring of the current year. Mean temperature over such period was the best predictor of the plant abundance for the great majority of alpine species for a mountain grassland in North Bohemia (34) . Indeed, the number of shoots of alpine plants is known to be determined by weather conditions of the previous year and early spring of the current year, because perennial alpine plants mostly form buds at the end of the growing season, whereas early spring is critical for bud break and shoot extension, as well as for germination and seedling recruitment in annual species and species with intensive seed propagation (18) .
In contrast to temperature, precipitation pattern did not show any directional changes during the study period. However, to ensure that the relationship between temperature and per-species abundance was not affected by precipitation, we derived a number of precipitation-based predictors: amounts of precipitation calculated over the same periods as temperature periods; and we inspected Bayesian information criterions (BICs) of all possible models including combinations of any temperature-based predictor and any precipitation-based predictor. For all species, all such models yielded BICs higher than the BIC of the model, including only year and temperature over the period of June 1 of the previous year until June 1 of the current year. Therefore, we focused further testing on the relationship between species abundance and temperature.
Step 2: Test whether per-species abundance-temperature relationships could be predicted by plant traits. To analyze whether the per-species relationships between abundance and temperature, derived at step 1, could be explained by functional traits, we performed weighted least-squares regressions with per-species abundance-temperature slope as the response value and perspecies trait means as predictors. The data were weighted by the inverse of per-species CV of the abundance-temperature slope, allowing species with more significant abundance-temperature relationship to have larger weight in the analysis. For this analysis, we combined trait data of C. umbrosa and C. sempervirens and of P. comosa and P. caucasica, because in the assessment of annual dynamics, each of these species pairs was considered as one species (see under Plant abundance dynamic). Thus, we used mean trait values of these species pairs. Data used in this analysis are provided in Dataset S1.
All trait data were centered, scaled, and log 10 -transformed, the latter to comply with normality assumptions for analysis. We used BIC statistic for best-model selection (combination of predictors and their interactions). Only models including noncorrelated predictors (with variance inflation factor < 3) were considered. All analyses were conducted in R language and environment for statistical computing (R Foundation for Statistical Computing).
